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The oncogenic role of EGFR in many tumors has attracted a great deal of attention in the recent years and
initiated the development of several potent EGFR inhibitors, which are used clinically for cancer treatment.
However, the current therapeutic inhibition of EGFR signaling is limited to monoclonal antibodies that bind to
the EGFR extracellular domain or tyrosine kinase inhibitors that block EGFR kinase activation directly. Despite
the great promise of these inhibitors, a certain percentage of patients develop resistance to these therapies,
highlighting the necessity for alternative therapeutic strategies based on our most current knowledge of the
mechanisms of EGFR signaling. We recently reported that Plakofilin-2 (PKP2) is a novel ligand-independent
cytoplasmic activator of EGFR signaling. Here we focus on recent studies demonstrating important roles of
intracellular EGFR activators, and propose targeted disruption of these activators as a novel avenue of

therapeutic intervention to inhibit EGFR-mediated cancer development.
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Introduction

The epidermal growth factor receptor (EGFR) regulates
cell proliferation, differentiation, survival, motility, and
blood vessel formation [ 2. The signaling pathways of
epidermal growth factor (EGF) via EGFR are well studied
due to their importance in regulating a multitude of
biological functions 71,

Aberrant EGFR activation correlates with poor clinical
outcome and is an important contributor to oncogenic
processes. In addition, perturbations to the genetic sequence
of EGFR often results in deregulation of EGFR signaling and
is common in cancer cells and correlates with neoplastic
progression [& 9,

Current anti-EGFR therapies, such as tyrosine kinase
inhibitors (TKIs) and monoclonal antibodies, demonstrate
anti-tumor activity in various tumor types including
non-small-cell lung cancer (NSCLC), squamous cell
carcinoma of the head and neck (SCCHN), and colorectal
cancer 1014 While both TKIs and monoclonal antibodies
against EGFR inhibit the EGFR signaling pathway, they
elicit their effects via unique mechanisms. Monoclonal
antibodies inhibit EGFR activity by binding to the
extracellular region of the receptor, therefore disrupting
ligand binding and preventing downstream signaling.
Conversely, TKIs inhibit the downstream signaling of EGFR
by binding to the intracellular tyrosine kinase domain.

EGFR signaling has been heavily studied, and the promise
of targeting this pathway promoted the development of
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Figure 1. EGFR is activated by intracellular molecules. Cytohesins enhance EGFR activation by directly interacting with
the cytoplasmic domains of dimerized receptors and facilitating conformational rearrangements of these domains. PKP2
activates EGFR by facilitating EGFR dimerization even in the absence of ligand stimulation. SFKs directly phosphorylate
limited sites on EGFR.Yes-mediated EGFR phosphorylation occurs on the endosome as well, and requires EGF stimulation

and plgA-pIgR transcytosis.

several inhibitors which are now used clinically. However, as
with many targeted cancer therapies, many patients
eventually develop resistance. Consequently, there is an
imminent need to broaden our understanding of the
mechanisms of EGFR signal activation in order to develop
alternative strategies to target this pathway.

Therefore, in this review, we discuss the novel concept of
therapeutic intervention against cytoplasmic EGFR activators
as a potential second generation of EGFR related cancer
therapies (Figure 1).

Cytohesins
activators

are EGF-dependent cytoplasmic EGFR

Cytohesins have been shown to be guanine nucleotide
exchange factor (GEF) for ADP ribosylation factors (ARF)
(151, The cytohesin family is comprised of four members of
high homology: cytohesin-1, cytohesin-2 (ARNO),
cytohesin-3 (Grpl), and cytohesin-4 [16. 171 This family of
proteins contain a coil at the N-terminus, followed by a Sec7
domain, and a pleckstrin homology (ph) domain at the
C-terminus [1¢1. Bill et al reported that cytohesins, especially
cytohesin-2 (ARNO), increase EGFR activation via direct
association with the cytoplasmic regions of dimerized
receptors and promoting these domains to undergo
conformational rearrangements 8. In addition, the
cytohesin-specific antagonist SecinH3 diminishes growth of
the EGFR-dependent lung cancer in a xenograft model using
PC9 cells. Interestingly, although SecinH3 has been found to
target the Sec7 domain of the cytohesins, which is required
for GEF catalytic activity, the Sec7 domain of cytohesin-2
activates EGFR independently of its GEF activity [18. This
suggests that the specific binding between the small molecule
SecinH3 and the Sec7 domain of cytohesins, rather than its

enzymatic activity, is important for SecinH3-driven
inhibition of EGFR activation. Importantly, cytohesins do
not affect receptor dimerization, but function as activators of
dimerized receptors by promoting conformational changes
after EGF stimulation. High expression levels of cytohesin-1
and cytohesin-2 (ARNO) overexpression correlate with
enhanced EGFR signal activation in human lung
adenocarcinomas [18l, Recently, Bill et al also reported that
inhibition of cytohesins has an anti-proliferative effect
against H460 and A546, two gefitinib-resistant lung cancer
cell lines M9 Other studies by Pan T et al have also
demonstrated that inhibition of cytohesins, with the
antagonist SecinH3 or via knock-down of ARNO by
ARNO-siRNA, can decrease EGFR activation in the HT29
colorectal cancer cell line 2, Now, cytohesins are being
proposed as novel effective targets for inhibiting invasion
and metastasis, and for colorectal cancer patients that
developed resistance to Cetuximab or Panitumumab [2°1,

Src family tyrosine kinases phosphorylate EGFR directly

It is well established that SFKs (a proto-oncogenic
cytosolic Src family tyrosine kinases) including c-Src, Lyn

and Yes are required for fully activating EGFR signaling [2-
22]

Elevated Src kinase activity is observed in several solid
tumors, such as breast cancer [>%1 Src is known to be
involved in the signaling and cross talk between several
mitogenic pathways, such as the ER (Estrogen Receptor) and
EGFR family signaling pathways [2.  Furthermore,
EGFR-mediated Src activation promotes heparin-binding
EGF-like growth factor (HB-EGF) shedding from the surface
of cells by ADAM family proteases, which drives autocrine
EGFR signaling [?71. Since SFKsare involved in many
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oncogenic processes including growth and proliferation,
invasion, angiogenesis, and metastasis, several Src inhibitors
(eg. Dasatinib) are now emerging [?8-30, However, Src
expression alone is not fully responsible for transformative
ability; herefore, the necessity for combination therapy with
other inhibitors such as EGFR inhibitors is recognized 3% 32,

YES is known to be highly expressed in adult neurons,
spermatozoa, platelets, and epithelial cells B3 34, The
expression and kinase activity of Yes and Src are high in
malignant skin and colon cancer cells [35 361, Su et al revealed
that binding of the polymeric immunoglobulin A (plgA) to
polymeric immunoglobulin receptor (plgR) activates Yes,
followed by EGFR signal activation by direct
phosphorylation of EGFR in vivo, as well as in vitro 7. Su
et al also discussed that abnormaly produced IgA complexes
by mucosal infection might cause excessive activation of
EGFR signal activation leading to pathological proliferation,
a hallmark of IgA nephlopathy. In this model, Yes-mediated
EGFR phosphorylation occurs on the endosome, results in a
mild increase in phosphorylation on limited sites (Tyr 845,
Tyr 992, and Tyr 1173), and requires EGF-mediated
stimulation and plgA-pIgR transcytosis, suggesting that Yes
does not affect receptor dimerization. It has also been
reported by other groups that SFKs, including Yes,
phosphorylate Y845 and Y1101 of EGFR.Based on current
findings, the mechanisms of SFKs-mediated site-specific
EGFR phosphorylation still remains unclear and needs to be
investigated in the future.

PKP2, a novel
dimerization

desmosomal protein for EGFR

The plakophilins are members of the armadillo-repeat
family. This family is comprised of three different proteins
(PKP1, PKP2, and PKP3) B8 They contain a basic
N-terminal head domain, an armadillo repeat (arm-repeat;
42-amino acid repeats) containing region, followed by a
small C-terminal tail 381, Plakophilins contain a conserved
sequence in the amino-terminal head domain termed the HR2
domain. PKP2 was initially isolated and believed to be a
desmosomal protein, but further studies have demonstrated
that it is also localized in the cytoplasm and nucleus [38 39,
PKP2 mutations are correlated with cardiac disorder
arrhythmogenic  right  ventricular ~ cardiomyopathies
(ARVC/D). Additionally, PKP2 knockout mice suffer from
embryonic lethality (around E10.5) and display abnormal
heart morphogenesis, indicating that PKP2 has critical roles
in heart development and function [40. 411,

PKP2 has also been implicated in promoting oncogenesis
and it has been reported that PKP2 expression is higher in
various cancers, especially at their metastatic stage [#249,

However, the role of PKP2 in the development of cancer, as
well as cancer progression, was unclear. Recently, we
showed thatPKP2, but not PKP1 or PKP3, specifically
associates with the cytoplasmic region of EGFR [0 51, The
N-terminus of PKP2, not including the conserved HR2
domain, is critical for this interaction, which results in
enhanced EGFR autophosphorylation and EGFR signal
transduction. An earlier study indicated that PKP2
localization to desmosomal regions of cell-to-cell attachment
depends on the N-terminal portion of PKP2 [°. This
suggests that PKP2 activates EGFR signal pathways in
regions of the cell desmosome. More importantly, we
demonstrated that PKP2 enhances EGF-independent
dimerization and phosphorylation of EGFR, as well as the
activation of the downstream effectors of EGFR.
PKP2-induced phosphorylation of EGFR and subsequent
ERK activation was entirely inhibited by the EGFR inhibitor
lapatinib, which suggests that PKP2 exclusively mediates
EGFR signal activation in EGFR expressing cancer cells. We
further demonstrated that knock-down of PKP2 significantly
reduced EGF-induced EGFR  autophosphorylation,
recruitment of adaptor molecules such as SHP-1 and Grb2 to
EGFR, and receptor internalization (unpublished data for
internalization). In addition, reduced expression of PKP2 in
the breast cancer cell line, MDA-MB-231, impaired their
proliferation and metastatic ability, and ultimately reduced
the development of tumors in vivo.

Since EGFR is known to still be able to dimerize in the
absence of EGF stimulation, this PKP2-induced
EGF-independent EGFR activation might be one of the
mechanisms for this event [52],

As described in this review, SFKs, cytohesinsand PKP2
all directly interact with EGFR and activate downstream
signaling. However, their mechanisms in regulating EGFR
signaling do not overlap. SFKs are the kinases that
phosphorylate limited sites on EGFR. Cytohesins function
after ligand-induced EGFR dimerization. In contrast, PKP2
activates EGFR by facilitating EGFR dimerization even in
the absence of ligand stimulation.

Future directions in research

Many advances have been made over the past decade in
effort to target cancers with aberrant EGFR expression and
signaling. The promise of anti-EGFR antibodies and EGFR
inhibitors was undermined by patients who did not respond
to these treatments due to intrinsic resistance, as well as
those who developed resistance over time. Therefore,
exploring further into the mechanisms of EGFR activation
would provide novel candidate targets, such as cytoplasmic
activators of EGFR, which could be inhibited or disrupted.
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Additionally, combinatorial therapies targeting extracellular
and intracellular mechanisms of EGFR activation could be
explored. Although there are many obstacles due to the
difficulties in targeting cytoplasmic proteins, emerging small
molecules such as SecinH3, or others which can disrupt
protein-protein interactions such as stapled a-helical peptide
technology 3 54, could be utilized to target cytoplasmic
activators of EGFR described in this review and those yet to
be discovered.

Conflicting interests

The authors have declared that no competing interests
exist.

Grant support

This work was supported by funding from National

Institutes of Health USA  (RO1CA177305 and
RO1HL091549).
References

1. Yarden Y, Pines G. The ERBB network: at last, cancer therapy
meets systems biology. Nat Rev Cancer 2012; 12:553-563.

2. Herbst RS. Review of epidermal growth factor receptor biology.
Int J Radiat Oncol Biol Phys 2004; 59(suppl):21-26.

3. Blume-Jensen P, Hunter T. Oncogenic kinase signalling. Nature
2001; 411:355-365.

4. Bogdan S, Klambt C. Epidermal growth factor receptor signaling.
Current biology 2001; CB 11:R292-295.

5. Hynes NE, Lane HA. ERBB receptors and cancer: the complexity
of targeted inhibitors. Nat Rev Cancer 2005; 5:341-354.

6. Hynes NE, MacDonald G. ErbB receptors and signaling pathways
in cancer. Curr Opin Cell Biol 2009; 21:177-184.

7. Lemmon MA, Schlessinger J. Cell signaling by receptor tyrosine
kinases. Cell 2010; 141:1117-1134.

8. Brabender J, Danenberg KD, Metzger R, Schneider PM, Park J,
Salonga D, et al. Epidermal growth factor receptor and HER2-neu
mRNA expression in non-small cell lung cancer is correlated with
survival. Clin Cancer Res 2001; 7:1850-1855.

9. Pedersen MW, Pedersen N, Damstrup L, Villingshgj M, Sgnder
SU, Rieneck K, et al. Analysis of the epidermal growth factor
receptor specific transcriptome: Effect of receptor expression level
and an activating mutation. J Cell Biochem 2005; 96:412-427.

10. Mendelsohn J. The epidermal growth factor as a target for cancer
therapy. Endocr Relat Cancer 2001; 8:3-9.

11. Sgambato A, Casaluce F, Maione P, Rossi A, Rossi E, Napolitano
A, et al. The role of EGFR tyrosine kinase inhibitors in the
first-line treatment of advanced non small cell lung cancer patients
harboring EGFR mutation. Curr Med Chem 2012; 19:3337-3352.

12. Harris M. Monocloncal antibodies as therapeutic agents for
cancer. Lancet Oncol 2004; 5:292-302.

Page 4 of 5

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Herbst RS, Shin DM. Monoclonal antibodies to target epidermal
growth factor receptor-positive tumors: A new paradigm for
cancer therapy. Cancer 2002; 94:1593-1611.

Martinelli E, De Palma R, Orditura M, De Vita F, Ciardiello F.
Anti-epidermal growth factor receptor monoclonal antibodies in
cancer therapy. Clin Exp Immunol 2009;158:1-9.

Meacci E, Tsai SC, Adamik R, Moss J, Vaughan M. Cytohesin-1,
a cytosolic guanine  nucleotide-exchange  protein  for
ADP-ribosylation factor. Proc Natl Acad Sci USA 1997; 94:
1745-8.74

Betz SF, Schnuchel A, Wang H, Olejniczak ET, Meadows RP,
Lipsky BP, et al. Solution structure of the cytohesin-1 (B2-1) Sec7
domain and its interaction with the GTPase ADP ribosylation
factor 1. Proc Natl Acad Sci USA 1998; 95: 7909-7914.

Ogasawara M, Kim SC, Adamik R, Togawa A, Ferrans VJ, Takeda
K, et al. Similarities in function and gene structure of cytohesin-4
and cytohesin-1, guanine nucleotide-exchange proteins for
ADP-ribosylation factors. J Biol Chem 2000;275: 3221-3230.

Bill A, Schmitz A, Albertoni B, Song JN, Heukamp LC, Walrafen
D, et al. Cytohesins are cytoplasmic ErbB receptor activators. Cell
2010; 143:201-211.

Bill A, Schmitz A, Kdnig K, Heukamp LC, Hannam JS, Famulok
M. Anti-proliferative effect of cytohesin inhibition in
gefitinib-resistant lung cancer cells. PLoS One 2012; 7: e41179.

Pan T, Sun J, Hu J, Hu Y, Zhou J, Chen Z, et al
Cytohesins/ARNO: the function in colorectal cancer cells. PLoS
One 2014; 9:90997.

Biscardi JS, Maa MC, Tice DA, Cox ME, Leu TH, Parsons SJ.
c-Src-mediated phosphorylation of the epidermal growth factor
receptor on Tyr845 and Tyr1101 is associated with modulation of
receptor function. J Biol Chem 1999; 274:8335-8343.

lida M, Brand TM, Campbell DA, Li C, Wheeler DL. Yes and
Lynplay a role in nuclear translocation of the epidermal growth
factor receptor. Oncogene 2013; 32:759-767.

Maa MC, Leu TH, McCarley DJ, Schatzman RC, Parsons SJ.
Potentiation of epidermal growth factor receptor-mediated
oncogenesis by c-Src: implications for the etiology of multiple
human cancers. Proc Natl Acad Sci U S A 1995; 92:6981-6985.

Verbeek BS, Vroom TM, Driaansen-Slot SS, Ottenhoff-Kalff AE,
Geertzema JG, Hennipman A, et al. c-Src protein expression is
increased in human breast cancer. An immunohistochemical and
biochemical analysis. J Pathol 1996; 180:383-388.

Wheeler DL, lida M, Dunn EF. The role of Src in solid tumors.
Oncologist 2009; 14:667-678.

Yeatman TJ. A renaissance for SRC. Nat Rev Cancer 2004;
4:470-480.

Hynes NE, Schlange T. Targeting ADAMS and ERBBs in lung
cancer. Cancer Cell 2006; 10: 7-11

Summy JM, Gallick GE. Src family kinases in tumor progression
and metastasis. Cancer Metastasis Rev 2003; 22:337-358.

Kim LC, Song L, Haura EB. Src kinases as therapeutic targets for
cancer. Nat Rev Clin Oncol. 2009; 6:587-595.

Lombardo LJ, Lee FY, Chen P, Norris D, Barrish JC, Behnia K, et
al. Discovery of N-(2-chloro-6-methyl-phenyl)-2-(6-(4-(2-
hydroxyethyl)-piperazin-1-yl)-2-methylpyrimidin-4-ylamino)-thia


http://www.ncbi.nlm.nih.gov/pubmed/24618737
http://www.ncbi.nlm.nih.gov/pubmed/22430206
http://www.ncbi.nlm.nih.gov/pubmed/22430206
http://www.ncbi.nlm.nih.gov/pubmed/22430206

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Receptors & Clinical Investigation 2015; 2: e485. doi: 10.14800/rci.485; © 2015 by Kei-ichiro Arimoto, et al.
http://www.smartscitech.com/index.php/rci

zole-5-carboxamide (BMS-354825), a dual Src/Abl kinase
inhibitor with potent antitumor activity in preclinical assays. J
Med Chem 2004; 47:6658-6661.

Shalloway D, Coussens PM, Yaciuk P. Overexpression of the
¢-SRC protein does not induce transformation of NIH3T3 cells.
Proc Natl Acad Sci USA 1984; 81:7071-7075.

Hitake K, Tokudome N, Ito Y. Next generation molecular targeted
agents for breast cancer: focus on EGFR and VEGFR pathways.
Breast Cancer 2007; 14:132-149.

Sukegawa J, Semba K, Yamanashi Y, Nishizawa M, Miyajima N,
Yamamoto T, et al. Characterization of cDNA clones for the
human c-yes gene. Mol Cell Biol 1987; 7:41-47.

Sugawara K, Sugawara I, Sukegawa J, Akatsuka T, Yamamoto T,
Morita M, et al. Distribution of c-yes-1 gene product in various
cells and tissues. Br J Cancer 1991; 63:508-513.

Park J, Meisler Al, Cartwright CA. c-Yes tyrosine kinase activity
in human colon carcinoma. Oncogene 1993; 8:2627-2635.

Lee JH, Pyon JK, Kim DW, Lee SH, Nam HS, Kim CH, et al.
Elevated c-Src and c-Yes expression in malignant skin cancers. J
Exp Clin Cancer Res 2010 ;29:116.

Su T, Bryant DM, Luton F, Verges M, Ulrich SM, Hansen KC, et
al. A kinase cascade leading to Rab11-FIP5 controls transcytosis
of the polymeric immunoglobulin receptor. Nat Cell Biol 2010;
12:1143-1153.

Bass-Zubek AE, Godsel LM, Delmar M, Green KJ. Plakophilins:
multifunctional scaffolds for adhesion and signaling. Curr Opin
Cell Biol 2009; 21:708-716.

Chen X, Bonne S, Hatzfeld M, van Roy F, Green KJ. Protein
binding and functional characterization of plakophilin 2. Evidence
for its diverse roles in desmosomes and beta -catenin signaling. J
Biol Chem 2002; 277:10512-10522.

Grossmann KS, Grund C, Huelsken J, Behrend M, Erdmann B,
Franke WW, et al. Requirement of plakophilin 2 for heart
morphogenesis and cardiac junction formation. The Journal of cell
biology 2004; 167:149-160.

Gerull B, Heuser A, Wichter T, Paul M, Basson CT, McDermott
DA, et al. Mutations in the desmosomal protein plakophilin-2 are
common in arrhythmogenic right ventricular cardiomyopathy. Nat
Genet 2004; 36:1162-1164.

Mertens C, Kuhn C, Moll R, Schwetlick I, Franke WW.
Desmosomal plakophilin 2 as a differentiation marker in normal
and malignant tissues. Differentiation 1999; 64:277-290.

Papagerakis S, Shabana AH, Depondt J, Gehanno P, Forest N.

Page 5 of 5

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Immunohistochemical localization of plakophilins (PKP1, PKP2,
PKP3, and p0071) in primary oropharyngeal tumors: correlation
with clinical parameters. Hum Pathol 2003; 34:565-572.

Schwarz J, Ayim A, Schmidt A, Jager S, Koch S, Baumann R, et
al. Differential expression of desmosomal plakophilins in various
types of carcinomas: correlation with cell type and differentiation.
Hum Pathol 2006; 37:613-622.

Takahashi H, Nakatsuji H, Takahashi M, Avirmed S, Fukawa T,
Takemura M, et al. Up-regulation of plakophilin-2 and
Down-regulation of plakophilin-3 are correlated with invasiveness
in bladder cancer. Urology 2012; 79:240 e241-248.

Finak G, Bertos N, Pepin F, Sadekova S, Souleimanova M, Zhao
H, et al. Stromal gene expression predicts clinical outcome in
breast cancer. Nat Med 2008; 14:518-527.

Hou J, Aerts J, den Hamer B, van ljcken W, den Bakker M,
Riegman P, et al. Gene expression-based classification of
non-small cell lung carcinomas and survival prediction. PLoS One
2010; 5:e10312.

Sanchez-Carbayo M, Socci ND, Lozano J, Saint F, Cordon-Cardo
C. Defining molecular profiles of poor outcome in patients with
invasive bladder cancer using oligonucleotide microarrays. J Clin
Oncol 2006; 24:778-789.

He H, Jazdzewski K, Li W, Liyanarachchi S, Nagy R, Volinia S,
et al. The role of microRNA genes in papillary thyroid carcinoma.
Proc Natl Acad Sci U S A 2005; 102:19075-19080.

Arimoto K, Burkart C, Yan M, Ran D, Weng S, Zhang DE.
Plakophilin-2 promotes tumor development by enhancing
ligand-dependent and -independent epidermal growth factor
receptor dimerization and activation. Mol Cell Biol 2014;
34:3843-3854.

Kazlauskas A. Plakophilin-2 promotes activation of epidermal
growth factor receptor. Mol Cell Biol 2014; 34:3778-3779.

Chung I, Akita R, Vandlen R, Toomre D, Schlessinger J, Mellman
I. Spatial control of EGF receptor activation by reversible
dimerization on living cells. Nature 2010; 464:783-787.

Azzarito V, Long K, Murphy NS, Wilson AJ. Inhibition of
a-helix-mediated protein-protein interactions using designed
molecules. Nat Chem 2013; 5:161-173.

Chang YS, Graves B, Guerlavais V, Tovar C, Packman K, To KH,
et al. Stapleda-helical peptide drug development: a potent dual
inhibitor of MDM2 and MDMX for p53-dependent cancer
therapy. Proc Natl Acad Sci U S A 2013; 110: E3445-3454.


http://www.ncbi.nlm.nih.gov/pubmed/7690925
http://www.ncbi.nlm.nih.gov/pubmed/7690925
http://www.ncbi.nlm.nih.gov/pubmed/20796316

